The massive use of transmit and receive antennas with perfect channel state information (CSI) in massive MIMO systems (Multiple Input Multiple Output) can lead array power gain increments proportional to the number of antennas. For CSI estimation pilots can be used, but in multi-user scenarios pilot contamination may occur which may compromise estimation, even when are used orthogonal sequences such as Chu sequences. In such conditions even a precoding does not cancel interference among users and the system performance can be compromised. It is shown that a decision directed scheme based on a iterative block frequency domain equalizer can be used to compensate the pilot contamination impact on channel estimation without sacrificing the complexity. Moreover, when the coherence time spans multiple data blocks, these most accurate channel estimates can be used to precod the subsequent blocks and thereby improve system performance. It is also presented a set of performance results that sustain our assumption.
INTRODUCTION
Multiple-input multiple-output (MIMO) channels arising from the use of multiple antennas at both the transmitter and at the receiver provide an important increase in capacity over single-input single-output (SISO) channels under some uncorrelation conditions [1, 2] . For that reason massive MIMO (m-MIMO) has attracted considerable attention as a possible key technologies for 5G [3] . Given perfect channel state information (CSI), the signals received at all antenna elements can be combined coherently and the array gain grows without bound with the number of antennas at the access point [4] . Therefore, massive use of antennas elements can overcome both multiuser interference and thermal noise for any given number of users and any given powers of the interfering users. In such conditions a large array gain can be attained by a massive use of antenna elements [3] . Note that this requires CSI available at both ends of the link. Thus channel estimation has a relevant role in the system capacity.
The use of training sequences should achieve uncorrelation conditions and avoid pilot contamination, which can be granted by orthogonal sequences [5] [6] [7] . For that purpose sequences with periodic auto-correlation function which is 0 except for the period multiple shift terms such as Zadoff-Chu (ZC) sequences can be used [7] , without the need of any pre-coding which may reduce complexity. However, the very high number of users and transmit channels associated to each user can lead to situations where pilot contamination occurs due to the use of same orthogonal sequences or due to imperfect time synchronization between transmitter and receivers. The reuse of training sequences in neighboring cells imposes a limitation on the achievable rate in a m-MIMO system, due to pilot contamination. The number of distinct training sequences should be higher than the number of users that are being served in the system. Moreover, the number of mutually orthogonal training sequences that can be generated is lower bounded by the length of those sequences. Thus, there is a tradeoff between the length of the training sequences and the data transmission payload. The tradeoff worsens as the channel coherence interval becomes smaller.
In order to mitigate pilot contamination and reduce the bandwidth usage by training sequences, an iterative channel estimation technique based on the outputs of an iterative block decision feedback equalizer (IB-DFE) can be employed [8] [9] [10] [11] . In comparison to traditional pilot-based channel estimation techniques, this technique requires fewer, or even none, pilots to estimate the CSI, relieving the effect of pilot contamination and increasing spectral efficiency. The proposed iterative channel estimation technique consists in an adaptation of the IB-DFE. By taking advantage of the iterative process, CSI can also be, iteratively, estimated. This paper analyzes how channel estimation aided by a decision directed scheme can be applied to multi user m-MIMO (MU-m-MIMO) systems in scenarios with interference among pilots. In these scenarios the decision directed channel estimation can be used to cope with pilot contamination in order to obtain a better channel estimation after the coarse estimate provided by the pilots. After this introductory part the rest of the paper is organized as follows: systems characterization is presented in Section 2, where it is also introduced the problem to be analyzed. Section 3, characterizes the proposed technique. Simulation results regarding scenarios without and with pilot contamination are presented and discussed in Section 4. Finally, Section 5 concludes the paper.
SYSTEM CHARACTERIZATION
The system adopts a time division duplexing (TDD) transmission with N u users, N a antennas at each mobile station (MS) and N R ≥ N u receiving antennas at the base station (BS). It is adopted a single carrier with frequency domain equalization (SC-FDE) modulation. It is also assumed channel reciprocity between uplink and downlink. In downlink a block diagonalization (BD) method [12, 13] is used to cancel co-channel interference (CCI). Under these conditions results for the uplink a N R ×N a MIMO configuration to each user u, through a channel H UL (H UL ∈ C NR×Nu ), depicted in Fig. 1 . The elements of H UL are samples of independent and identically distributed (i.i.d.) complex Gaussian process. It is well known that an IB-DFE receiver can be a good choice to cope with the channel selectivity and reduce interference [10, 11] . By adding a cyclic prefix that corresponds to a periodic extension of the useful part of the block, i.e., s −n = s N −n with a length higher than the overall channel impulse response, null IBI (Inter Block Interference) can be achieved. Since at receiver the samples associated to the cyclic prefix are discarded, the impact of a frequencydispersive channel is equivalent to a scaling factor for each frequency. The uth MS transmits the block of N data symbols {x
. . , N − 1} the received block at the rth BS antenna (as with other SC-FDE schemes, a cyclic prefix is appended to each transmitted block and removed at the receiver).
Under these conditions the corresponding frequency domain received signal is given by
where independent and identically distributed (i.i.d.) complex Gaussian process, given by
The channel considered is a fading channel constant during the coherence time interval of length N , given by
where α(t) denotes the envelope and θ(t) represents the phase of the equivalent channel response.
Multi User MIMO
In the downlink of MU-m-MIMO systems precoding methods are used to eliminate interference between antennas, assuming that we have perfect CSI. In these scenarios, block diagonalization technique can applied in precoding schemes and resorts to a non-linear process called singular value decomposition (SVD) [14] [15] [16] . The precoded signal from the u-th user can be written as
where
is the array of transmitted symbols, W u (W u ∈ C N R ×N a ) the precoding matrix and X u the data symbol array concerning the u user. The data array received at BS can be described as
where z u is the term due to AWGN. When H u DL W k = 0 NR×NR , ∀ u = k there is CCI, where 0 NR×NR is a zero matrix is guaranteed as long as the effective channel matrix is block-diagonalized, i.e., H u DL W k = 0 NR×NR , ∀ u = k. However, with pilot contamination we may have H DL u W u = 0. On the other hand, at uplink pilot contamination compromises the CSI estimation, which may have impact on the system performance. These effects can be compensated with channel estimates resulting from IB-DFE iterations at BS to assure better performance and null CCI for the remainder data blocks transmitted during the coherence time.
CHANNEL ESTIMATION
ZC sequences are perfect polyphase sequences [7] , also called Constant Amplitude Zero Autocorrelation (CAZAC) sequences. A CAZAC sequence is a periodic signal with modulus one and discrete cyclic autocorrelation equal to zero, i.e., each circularly shifted version of the same sequence is mutually orthogonal. Hence, the discrete Fourier transform (DFT) of any ZC sequence has constant amplitude. Since all cyclically shifted versions of a ZC sequence are orthogonal to each other, they can be used, in frequency domain or time domain, as training sequences for channel estimation in transmissions with multiple antennas, simultaneously. The pilots are arranged in a comb type format [17] and it is assumed that channel conditions remain the same over several data blocks. Training sequences are inserted in the first N P subcarriers of the corresponding frequency domain block X k ; k = 0, 1, . . . , N − 1 and are used to estimate the channel responses along the frequency axis. These estimates are used in equalization for the next N data subcarriers (N data = N − N P ).
Let assume S as the matrix containing the transmitted training sequences. Each training sequence s nu (nu = 1, 2, . . . , N u ) is a circularly shifted version of a ZC sequence with the same root index, of length N ZC , so,
where , refers to the Hermitian inner product operation. The constraint N ZC > N u is imposed so every sequence is pairwise orthogonal and, therefore, each channel response is distinguished. Therefore, received training sequences, Y P (Y P ∈ C NR×NP ), are given by
where the pilot matrix, S (S ∈ C Nu×NP ), corresponds to the collectively transmitted training sequence by N u users and Z P (Z P ∈ C NR×NP ) is the AWGN noise matrix, which lines have the same characteristic as z. Thus, at the BS, the nr-th antenna (nr = 1, 2, . . . , N R ) receives, in frequency domain, the following signal:
where H nr,nu (nu = nr) is associated to the desired channel while the other terms H nr,nu (nt = nr) are due interfering channels. Therefore, using the Hermitian inner product operation in Y P nr with the appropriate training sequence S nr the unwanted interference parcels will be canceled. Thus, the estimate of the corresponding channel frequency response,Ĥ nr,nr , can be obtained througĥ
Pilot contamination effect caused by the reuse of training sequences from other users in neighboring cells is modeled as in Fig. 2 . Under these conditions, the received pilots affected by pilot contamination are given by
where c (0 < c < 1) is the attenuation constant that adjusts the power of the interference training sequences sent by K interfering users. For c = 0 pilot contamination is inexistent, and for c = 1 the interfering channel has the same power has the desired channel. H P C (H P C ∈ C NR×K ) denotes the interfering channel, S P C (S P C ∈ C K×N P ) is the interfering pilot matrix with K interfering training sequences (equal to the number of interfering as users) and Z P C (Z P C ∈ C NR×NP ) is the correspondent interfering AWGN noise matrix which lines have the same characteristics as z in (42).
The nr-th base station antenna receives a signal characterized by
where the time index n is omitted for notation simplicity. The received signal is now affected with inter-cell interference from K interfering users. Previous equation can be rewritten as
which means that the estimator is incorrectly aimed to estimate the sum of the desired channel and the correspondent interfering channel for K user channels. To avoid performance degradation due to channel estimation errors caused by pilot contamination, decision directed channel estimation can be applied to improve the accuracy of the channel estimates without impact on system's spectral efficiency.
Iterative Receiver
Let us consider an IB-DFE whose the structure is represented in Fig. 3 . When appropriate cyclic prefixes sizes are higher than the maximum channel delay spread, the output samples of the equalizer, for the i-th iteration are given bỹ
denotes the DFT of the decision block from previous iteration, and the feedforward {F k ; k = 0, 1, . . . , N − 1} and feedback {B k ; k = 0, 1, . . . , N − 1} coefficients are given by
and
and κ is selected so as to ensure that
The correlation coefficient ρ, which can be regarded as a measure of the reliability of the decisions employed in the feedback loop. 
Iterative Channel Estimation
To take advantage of the iteration process, CSI may be iteratively estimated as well, using the previously discussed channel estimation techniques. For the first iteration, equivalent to SC-FDE, the CSI is estimated with the ZC sequences and no iterative channel estimation occurs. For i > 1, the frequency-domain estimated symbols of the previous iteration,X i−1 k , can be used, instead the pilots, to estimate the CSI more accurately. Using MMSE channel estimation technique, the channel estimate for the ith iteration is given by
In the following figures it is shown the performance of the iterative channel estimation scheme for two different system setups in function of the number of pilots used.
SIMULATION RESULTS
In all simulations, each user has N a = 1 antennas for reception and the BS receives through N R = N u N a antennas, where N u denotes the number of users presented in the system. Each user transmits the same amount of symbols per frame, at the same time. Channel is assumed as time invariant over several transmitted blocks. Since it is assumed OFDM in the downlink and SC-FDE in the uplink, channel reciprocity is only valid if both directions use the same bandwidth. Regarding the pilot contamination, two different scenarios are considered: one without pilot contamination and another where the interference level due to pilot contamination is set at −10 dB, i.e., c = 0.1. Monte Carlo experiments are used to obtain the average results of BER (Bit Error Rate). The transmitted symbols x n are selected with equal probability from a quadrature phase shift keying (QPSK) constellation. It is also assumed linear power amplification at the transmitter and perfect time and phase synchronization at receiver. The results are expressed as function of
, where N 0 /2 is the noise variance and E b is the energy of the transmitted bits.
Figures 4 and 5 show the BER results for 4 and 16 users, without pilot contamination. In both figures it is perceptible the BER's improvement achieved by the iterative estimation. It can also be seen that first iteration provides worst results for an increase number of antennas. However, additional iterations improve the system's performance for higher values of SNR. These are encouraging results for the implementation of an iterative channel estimation technique. It is also obvious that the number of users is proportional to a BER's deterioration in the overall system performance, since more channels have to be estimated. Notwithstanding the deterioration associated to an higher number of users, it can be seen that iterative channel estimation has an higher impact when the number of user grows, independently of the number of pilots.
As expected, the higher number of pilots along with the increment of iterations leads to a better BER performance.
For a higher number of users and same number of pilots, BER results show a larger disparity of the estimated channel system when compared with the system assuming perfect CSI knowledge -from 1 dB to 4 dB in the best scenario presented (N u = N R = 16 and 47 pilots). It is also noticeable the MSE slope convergence starting at a higher level of SNR. The same effect can be seen in Fig. 6 where for the iterative estimates (3rd and 5th iteration), it is visible a convergence of the MSE slope as the SNR increases.
In Figs system's performance starting at a SNR value around 12 dB (a better MSE slope can be seen also in Fig. 9 ). Another important aspect to mention is the fact that the impact of the iterative process grows with the number of active users, which means an increasing compensation capacity with the number of users. Thus, we may conclude that the channel estimation technique aforementioned shows that the iteration process of IB-DFE can decrease the MSE, actively, after a certain SNR level.
CONCLUSIONS
In was shown how a decision directed channel estimation scheme can be used to cope with pilot contamination in a multi-user MIMO environment. Under the assumption of a coherence time of several data blocks, the results revealed that channel estimates based on the IB-DFE outputs assure better interference cancelation by the precoding in the subsequent data frames. Therefore, channel estimates obtained after demodulation of first data frame should be used by the transmitter in the precoding process during the remainder time of the coherence interval. Also, this can be achieved without any sacrifice on system complexity and spectral efficiency, since no additional pilots are needed.
